The TRP family of ion channels transduce an extensive range of chemical and physical signals. TRPC6 is a receptor-activated nonselective cation channel expressed widely in vascular smooth muscle and other cell types. We report here that TRPC6 is also a sensor of mechanically and osmotically induced membrane stretch. Pressure-induced activation of TRPC6 was independent of phospholipase C. The stretch responses were blocked by the tarantula peptide, GsMTx-4, known to specifically inhibit mechanosensitive channels by modifying the external lipid-channel boundary. The GsMTx-4 peptide also blocked the activation of TRPC6 channels by either receptor-induced PLC activation or by direct application of diacylglycerol. The effects of the peptide on both stretch-and diacylglycerol-mediated TRPC6 activation indicate that the mechanical and chemical lipid sensing by the channel has a common molecular mechanism that may involve lateral-lipid tension. The mechanosensing properties of TRPC6 channels highly expressed in smooth muscle cells are likely to play a key role in regulating myogenic tone in vascular tissue.
T he superfamily of TRP cation channels transduce a remarkable spectrum of signals ranging from small secondmessenger molecules to physical parameters including temperature, osmolarity, and touch (1, 2) . Among the several subfamilies of TRP channels, the TRPC nonselective cation channels activated in response to PLC-coupled receptors are widely expressed among tissues (2, 3) . The closely related subgroup comprising TRPC3, TRPC6, and TRPC7 channels are directly activated by diacylglycerol through a PKC-independent mechanism (3, 4) . TRPC6 channels are highly expressed in a number of different tissues including vascular smooth muscle cells (5) (6) (7) (8) . Despite their abundance, the exact physiological role of TRPC6 channels has not been elucidated. Recently it has been suggested that TRPC6 channels are involved in hemodynamic regulation (6, 9) and may play a role in generating myogenic tone in response to intravascular pressure in arteries (6, 9) . This is a key mechanism to control blood flow in arteries and arterioles (10, 11) involving depolarization, activation of Ca 2ϩ entry, and the contraction of vascular smooth muscle cells (11) . Increases in Ca 2ϩ in response to pressure not only activate smooth muscle cell contraction but also modify their growth and differentiation (12) . However, the identity and gating mechanisms of the mechanical sensors that mediate the depolarizing response have not been identified.
TRPC6 channels are expressed predominantly in cells responding to hydrostatic pressure changes including vascular smooth muscle and glomerular podocytes and have been implicated in mediating pressure-induced responses (6, 13) . TRPC6 channels mediate receptor-induced depolarization in smooth muscle cells (7, 9) , and opening of the related TRPC1 channel has been shown to be activated by stretch (14) . In addition to being implicated in generating myogenic tone in arteries (6, 9) , elevated expression of TRPC6 channels has been linked to smooth muscle proliferation in patients with idiopathic pulmonary arterial hypertension (15) . TRPC6 is also shown to be essential for proper function of podocytes that are exposed to hydrostatic pressure driving glomerular ultrafiltration in the kidney (13) .
In view of the connections between TRPC6 channels and pressure regulation, we investigated the role of mechanical stretch on TRPC6 channels function. We report here that the TRPC6 channel functions as a direct sensor of mechanically and osmotically induced membrane stretch. These stretch responses are blocked by the tarantula peptide, GsMTx-4, a specific peptide inhibitor of mechanosensitive channels which disturbs the lipid-channel boundary (16, 17) . The TRPC6 channel is also activated by receptor-induced PLC activation, an effect mediated by diacylglycerol (DAG) through a PKC-independent mechanism (18, 19) . The GsMTx-4 peptide blocked both receptor-and DAG-induced TRPC6 activation. The effects of the peptide on both stretch-and DAG-mediated TRPC6 activation indicate that both chemical lipid sensing as well as mechanical lipid sensing by the channel have a common molecular basis. Moreover, because TRPC6 channels are highly expressed in vascular smooth muscle cells, the results indicate that TRPC6 channel activation by stretch may play a crucial role in mediating control of myogenic tone.
Results and Discussion
In our studies to assess a link between TRPC6 channels and pressure regulation, we investigated the role of mechanical stretch on TRPC6 channels function. Indeed, it was recently revealed that TRPC1 channels are modified by stretch (14) . We initially assessed whether TRPC6 channels have a direct involvement in pressure-sensing using a HEK293 cell line inducibly expressing TRPC6 channels (20). Application of a hypoosmotic external medium induced an outwardly rectifying current in cells in which TRPC6 expression was induced by 10 M ponasterone for 48 h ( Fig. 1 A and B) . In control HEK293-TRPC6 cells, in which TRPC6 expression was not induced, there was only a very small hypoosmotic response (Ͻ10%; Fig. 1 C and D) , indicating that TRPC6 mediates the current in Fig. 1 A and B. An increase in capacitance in control cells was observed under the hypoosmotic conditions, increasing Ϸ7% in 400 sec (Fig. 1C Inset) and average of 3 Ϯ 1% during the first 100 sec (n ϭ 3). The exclusion of Cl Ϫ ions (replaced by glutamate in these experiments) prevents the contribution of volume-regulating anion channels widely expressed in cells. Similar stretch activation was achieved in CHO cells expressing TRPC6 channels (data not shown). All recordings were undertaken with Cs-glutamate based extracellular and intracellular solutions to measure only nonselective cation channels. TRPC6 is a nonselective cation channel with reversal potential close to zero under normal conditions. We detected a negative reversal potential of Ϫ10 mV ( Fig. 1 B and D; see also Fig. 3B ) that reflects the cation concentration gradient under low osmolarity conditions. A statistical summary of the currents at 100 mV for TRPC6-expressing and control cells is presented on Fig. 1E . OAG, a membrane permeable DAG derivative, is a known TRPC6 channel agonist (18) . We used OAG to investigate whether hypoosmolarity and OAG competed for the same channel target. Addition of OAG after hypoosmotic activation of TRPC6 activated only a minimal current (Fig. 1 A) compared with the addition of OAG alone (see Fig. 3J ) indicating that the hypoosmolarity-activated current is likely through the TRPC6 channel.
To assess whether the activation of TRPC6 was directly in response to membrane stretch, we used isolated membrane patches from CHO cells overexpressing TRPC6. CHO cells were used because they have a lower background of stretch-activated cation channels (14) . By using isolated membrane patches, membrane stretch was induced by negative pressure applied to the patch pipette. Application of a 5-sec pressure pulse of Ϸ75 mm of Hg activated an outwardly rectifying current observed only in CHO cells overexpressing TRPC6 (Fig. 1 F and G) and not in the control CHO cells transfected with the YFP marker ( Fig. 1 H and I) . Repeated application of pressure pulses of increasing size revealed that the channel was activated when the pressure reached a threshold of 84 Ϯ 15 mm of Hg (see Fig. 3E ). We determined single-channel conductance from noise analysis. The stretch-activated current showed a single-channel conductance of 25 pS at ϩ60 mV ( Fig. 1 J and K) , in good agreement with the TRPC6 single-channel conductance under similar ionic conditions (21) . The noise analysis did not show saturation of the current amplitude, suggesting low open probability of the channels.
An important question was whether the activation of TRPC6 channels by stretch was a downstream effect of stretch-activated receptors coupled to activation of phospholipase C (PLC) (18) . Stretch activation of TRPC6 channels in isolated inside-out CHO cell patches was still observed in the presence of the PLC inhibitor U73122 (Fig. 2) . As shown in Fig. 2 A-D, we examined the single-channel properties after a short pressure pulse (Ϸ2-sec duration), inducing a slower onset of current. We were able to observe single channel events of Ϸ25 pS even during the pressure pulse application ( Fig. 2C ; 0 sec) confirming the TRPC6 identity of the activated channels. The current before the stimulus showed no channel activity ( Fig. 2C ; Ϫ7 sec). A further 7 sec after the pulse, multiple channel openings of similar conductance were observed with higher open probability at positive potentials ( Fig. 2C; 7 sec.). The continuous activation of current may reflect residual tension in the patch resulting from membrane adhesion to the inside surface of the pipette that occurred during pressure application (22) . The difference in the rate of channel response to shorter and longer pressure pulses may reflect potentiation by locally elevated Ca 2ϩ entering through TRPC6 channels which are known to be poten- tiated by Ca 2ϩ (21) . As shown in Fig. 2D , the macrocurrent generated after a further 25 sec shows the typical TRPC6 outwardly rectifying I͞V curve. Noise analysis of the currents showed the same single-channel conductance as observed in Fig. 1J (25 pS) at either ϩ60 mV (Fig. 2E ) or Ϫ60 mV (Fig. 2F ) under our symmetrical 145 mM Cs ϩ conditions. These experiments provide evidence that TRPC6 channels become rapidly activated by stretch through a PLC-independent mechanism. We verified the effectiveness of PLC-blockade by U73122 by examining receptor-induced Ca 2ϩ release in HEK cells, which revealed Ϸ90% reduction (Fig. 2G) Two major classes of stretch activated channels exist: those requiring the fibrous proteins of the cytoskeleton to transmit force to the channel and those responding to stress mediated through the lipid bilayer (16, 23) . We investigated a cytoskeletal role in the stretch-gated response of TRPC6 channels by examining stretch activation in the cell-attached mode after prior (40 min) incubation in 40 M cytochalasin D (Fig. 2 H-M) . Cytochalasin D treatment enhanced both the time-dependence and the pressure-threshold of the stretch activation of TRPC6 channels. Thus, under this condition, the time course of stretch activation of TRPC6 much more closely followed the time course of the stretch stimulus (Fig. 2 H-J) . These data suggest that the delayed activation of TRPC6 observed in the absence of cytochalasin D is because of cytoskeletal constraints on membrane dynamics. Moreover, elimination of the actin cytoskeleton with cytochalasin D lowered the pressure threshold of TRPC6 channels activated in CHO cells (Fig. 2 H-J ; see also Fig. 3E ). The enhancing effect of cytoskeletal breakdown on stretch-activation of TRPC6 channels provides further evidence that the effect is mediated by lipid bilayer stress alone (23) . In addition to this effect on TRPC6 channels, prior cytochalasin D treatment also caused background stretch-activated currents to increase (Fig. 2  K-M) . However, these currents were inwardly rectifying with single-channel conductance of 40 pS and long open times of Ͼ10 msec ( Fig. 2 K-M) , clearly distinct from TRPC6 channels.
TRPC6 channels, like other TRPC channels, contain a number of ankyrin-like repeat sequences (2), perhaps signifying association with the cytoskeleton. A naturally occurring mutation P112Q in one of the TRPC6 ankyrin repeats has been linked to a familial focal segmental glomerulosclerosis (24, 25) . The studies demonstrated that TRPC6 is expressed in the glomerular podocytes, which control hydrostatic pressure-driven ultrafiltration. TRPC6 channel functioning in the slit diaphragm plays an essential role in regulation of podocyte structure and function (13) , and it was suggested that TRPC6 might be responding to mechanical force (25) . We examined the P112Q mutant and found that the current-voltage relationship was preserved, and the stretch sensitivity of the TRPC6-P112Q mutant appeared similar to the wild type (see summary in Fig. 3E ). Hence, it is unlikely that this mutation is involved in altered responses to stretch. Overall, whereas TRPC6 may be a mechanosensor in podocytes, the mutational defect leading to podocyte malfunction is likely to alter a downstream effect in the transduction of mechanical sensing as opposed to the sensing process itself. Such downstream effects may be mediated by known physical interactions revealed by coimmunoprecipitation between TRPC6 and the cytoskeleton (25, 26) .
Recent studies have revealed that the tarantula peptide, GsMTx-4, is a profound and specific inhibitor of stretch-activated channels (16, 27) . The peptide blocks a range of stretch-activated channels but not by specific interactions with the channel proteins themselves because the synthesized enantiomer of GsMTx4 has the same effect (16) . The peptide likely acts by inserting in the outer leaflet of the membrane and modifying the channel boundary lipids to favor the closed state (16) . We therefore assessed the actions of GsMTx-4 on both the hypoosmotic-and pressure-induced activation of TRPC6 channels in HEK293 cells (Fig. 3) . After activation of TRPC6 by treatment with hypoosmotic medium, application of Time course of TRPC6 activation by the purinergic receptor agonist UTP at Ϫ80 (black) and ϩ80 (red) mV (F); UTP-induced TRPC6 activation was inhibited by GsMTx-4, and inhibition was reversed by washout (G); I͞V relationship for maximal activation of TRPC6 channels in absence (black) and presence (red) of 5 M GsMTx4 (H); average peak current at 100 mV in the absence (black) and presence (red) of GsMTx-4 (both cases, n ϭ 3) (I); time-course of TRPC6 activation by 100 M OAG (J); activation of TRPC6 by OAG is inhibited after incubation with 5 M GsMTx-4 (K); examples of I͞V relationship of maximal OAG-induced TRPC6 channel activation in the absence (black) and presence (red) of 5 M GsMTx-4 (L); and average peak current at 100 mV in the absence (black) and presence (red,) of GsMTx-4 (n ϭ 3 and 4, respectively) (M).
GsMTx-4 caused a rapid inhibition of the whole-cell current (Fig.  3A) . We noted that application of OAG failed to activate any further current. In fact, it resulted in further inactivation. This is likely through activation of PKC, which is known to be inhibitory on the TRPC channels (4, 19) . The I͞V dependence at the maximal activation of the channel before application of the GsMTx-4 is shown in Fig. 3B . When pressure was applied to inside-out patches from CHO cells overexpressing TRPC6 and exposed for Ͼ2 min to 5 M GsMTx-4, channel activation was blocked (Fig. 3 C-D) . Repeated application of pressure pulses beyond the threshold of activation (Fig. 3D ) resulted in no current in the presence of GsMTx-4. The GsMTx4 sensitivity is important, providing further evidence that the TRPC6 channel is a stretch sensor.
It is well known that members of the TRPC3͞6͞7 subfamily of channels are activated directly by the lipid DAG, either added exogenously to cells or generated in response to PLC-coupled receptors (4, 19, 28) . We examined whether the receptor-induced activation of TRPC6 channels was modified by the GsMTx-4 peptide. As shown in Fig. 3F , the TRPC6 channel was activated in CHO cells in response to UTP-induced activation of P2Y receptors. Prior incubation with GsMTx-4 resulted in a substantial reduction in TRPC6 channel activation. This effect was reversible, thus, TRPC6 was fully activated by UTP after washout of the GsMTx-4 peptide (Fig. 3G) . The I͞V curve at maximal activation (Fig. 3H ) reveals that the peptide-insensitive current has a more linear relationship, perhaps signifying that not all of the current is carried by TRPC6. The peptide reduced the maximal activation of TRPC6 by Ͼ65% (Fig. 3I) . Application of the membrane-permeant DAG derivative OAG to TRPC6-expressing CHO cells also resulted in TRPC6 channel activation (Fig. 3J) . Again, in the presence of GsMTx-4, this activation was reduced by Ϸ90% (Fig. 3 K-M) . This is an important result, indicating that the action of the peptide on lipid-induced activation is analogous to its action in blocking stretch-activation of TRPC6 channels.
The results presented here reveal that TRPC6 channels can be activated not only in response to PLC-coupled receptors but also in response to mechanical stimuli. The latter effect is independent of PLC activation and likely occurs through sensing membrane lipid stretch. The blocking effect of GsMTx-4 on both responses indicates a fundamental link between these two activation mechanisms. The GsMTx-4 peptide isolated from tarantula venom is a specific modifier of nonselective mechanosensitive channels (27) . Its inhibitory action is within the outer membrane leaflet and is considered to be through altering the distortion of the boundary lipids adjacent to the channel that occurs during membrane stretch (16, 17) . Most likely, both activation processes produce an open channel through changes in lipid-channel interactions, and GsMTx4 disrupts these interactions by insertion in the membrane at the lipid-channel boundary. As shown in Fig. 4 , we interpret the results to indicate that ''mechanical sensing'' of lipids may be fundamentally similar to ''chemical sensing'' of DAG by TRPC6. In this model, we compare the interaction between DAG (a lipid bearing a minimal head group) and the TRPC6 channel, with the effects of membrane stretch that are considered to exert a thinning of the lipid bilayer. Without addition of lipids to the bilayer, stretch necessarily causes bilayer thinning, and we hypothesize that membrane thinning exposes components of the TRPC6 protein that leads to channel activation (Fig. 4 A and B) . The action of the GsMTx-4 peptide is shown as inserting within the stressed lipid boundary and preventing channel activation (Fig. 4C) . When TRPC6 channels are activated in response to PLC-coupled receptors, there is a rapid breakdown of the charged, large-head group lipid PIP 2 to form the uncharged, small-head group lipid DAG (Fig. 4D) . TRPC channels interact directly with PIP 2 through a conserved lipid-binding domain (29) , hence PLC-induced PIP 2 breakdown and DAG production may occur predominantly in the inner bilayer leaflet close to the channel. The small-head group DAG molecule would result in increased membrane stress depicted in Fig. 4E as a deflection of the inner leaflet and increased curvature known to be a major determinant of stretch-activated channels (30) (31) (32) (33) . This local curvature would cause increased stretch in the outer bilayer leaflet that would be akin to the effect of physical stretch applied to the whole bilayer. Again, the action of the GsMTx-4 peptide is shown as inserting within the stressed lipid boundary and preventing channel activation (Fig. 4C) . Although OAG is added from the outside, it is highly membrane permeant and clearly activates TRPC6 analogously to DAG formed from PIP 2 breakdown in the inner leaflet (19) . Hence, OAG likely associates with the channel in the inner leaflet. Overall, we consider that the effect of the GsMTx-4 peptide is to relieve lipid-mediated stress caused by either mechanical stretch or DAG production by altering the boundary lipid-protein interactions. GsMTx-4 peptide may stabilize the membrane by inserting at the lipid-channel boundary and preventing channel exposure.
That TRPC6 channels are mechanosensitive has profound implications. Hemodynamic forces, shear stress, and stretch-induced Ca 2ϩ signals are a major determinant of vascular cell morphology and function (12, 34) . However the gating mechanisms and the mechanical sensors that mediate the response to hemodynamic force have not been clarified. The presence and function of TRPC channels in smooth muscle is well known (5, 6, 35) . Smooth muscle cells display an array of TRPC channels, with a preponderance of TRPC1 and TRC6 (5, 6, 35) . Recent studies have revealed that TRPC6 channels in vascular smooth muscle regulate myogenic tone in response to intravascular pressure in small arteries (9) . It was assumed that the TRPC6 channel was activated indirectly as a result of PLC-coupled stretch receptors (9) . Our results reveal that TRPC6 channels are likely the direct sensors of mechanical stretch as well as DAG. Excessive smooth muscle proliferation in patients with idiopathic pulmonary arterial hypertension (IPAH) has been linked to elevated expression of TRPC6 (15) , hence the disease may be mediated by increased mechanical sensitivity with higher TRPC6 expression. Recently, TRPC6
Ϫ/Ϫ mice were revealed to have elevated blood pressure, which was linked to a compensatory overexpression of TRPC3 channels. Based on the close sequence similarity of TRPC3 and TRPC6 channels, TRPC3 may have similar mechanosensitive properties and, hence, their high expression may overcompensate for TRPC6 loss and result in increased pressure-induced blood vessel constriction and, hence, elevated blood pressure. Overall, the functioning of TRPC6 channels as mechanosensors correlates well with TRPC6 expression pattern in tissues that are subject to hydrostatic forces. TRPC6 is highly expressed in vascular smooth muscle (7) and the myogenic tone response is mediated by depolarization leading to activation of L-type Ca 2ϩ channels (10, 11) . As a mechanosensor and nonselective cation channel, TRPC6 is therefore a prime candidate for the role of mechanical transducer in smooth muscle.
Materials and Methods
Cell Culture and Reagents. HEK-293 and CHO cells were grown in DMEM and F-12K medium, respectively, with 10% FBS and 1% P͞S. GsMTx-4 peptide was from Peptides International (Louisville, KY) and was freshly dissolved before use. UTP and OAG were from Sigma (St. Louis, MO). Enhanced YFP vector and TRPC6 vector were from BD Biosciences (Mountain View, CA).
DNA Expression Constructs and Mutagenesis. The TRPC6 (GenBank accession no. Q9Y210) was subcloned into psDNA3 (Stratagene, La Jolla, CA). The TRPC6 P112Q mutation was introduced by using the QuikChange site-directed mutagenesis kit (Stratagene) and confirmed by sequencing. Cells were cotransfected with YFP plus vectors described, and YFP-expressing cells were selected by fluorescence (19) . Transfections were performed by electroporation by using the Gene Pulser II electroporation system (Bio-Rad, Hercules, CA) at 350 V, 960 F, and infinite resistance.
Electrophysiology. Cells were incubated on poly-L-lysine-coated coverslips after transfection for 24-48 h and transferred into the recording chamber before the experiment. Immediately after establishment of the whole-cell͞inside-out configuration, voltage ramps of 50-ms duration spanning the voltage range of Ϫ100 to ϩ100 mV, followed by a 350-ms step to Ϫ60 mV and ϩ60 mV were delivered continuously. Currents were filtered at 6 kHz and sampled at 50-s intervals. Some of the currents were filtered off-line at 1-3 kHz for presentation purposes. We used automatic capacitive and series resistance compensation of the EPC-10 amplifier (HEKA, Southboro, MA). PatchMaster, Pulsetools, FitMaster, Excel, and Origin software were used for acquisition and analysis. The temporal development of inward (at Ϫ80 mV) and outward (ϩ80 mV) currents from whole-cell recordings were measured from the individual ramps at each time point. The time courses of the currents from inside-out patches were derived from an average of the 200-ms currents at Ϯ60 mV at each time point and corrected for seal changes. GsMTx-4 was added to the external solution 20-40 min. before experiments for whole-cell recordings and in the pipette for inside-out patches. Stretch responses in inside-out patches were tested Ϸ5 min after seal formation. The intracellular solution contained 145 mM CsGlu, 10 mM Hepes, 10 mM EGTA, 8 mM Na, 1 mM Mg, 2 mM Na-ATP, and 100 nM Ca-free (pH 7.2). ATP was omitted in some of the experiments. For extracellular solutions, we used 145 mM CsGlu, 2 mM MgCl2, 10 mM glucose, and 10 mM Hepes (pH 7.4). Osmolarity was manipulated by dilution of the solution, keeping the divalent ions concentration constant. We used a salt bridge for grounding glutamate-based external solutions. The I͞V curves were derived from the current ramp at the time of maximum activation defined from the current-time dependence. All I͞V curves are shown at the time of maximal activation. The currents before channel activation (average of three to five traces) were used for leak subtraction. The maximal TRPC6 currents at 100 mV were used for statistical analysis. Each statistical bar plot (Figs. 1E and 3 E, I, and M) is an average of three or more experiments.
Capacitance Measurements. Capacitance measurements were made in ''sine ϩ DC'' mode of the EPC-10 software lock-in amplifier, with 1.25-kHz sinusoidal command voltage (40 mV peak to peak) that was superimposed on the holding potential of 0 mV. ⌬Cm were elicited by exposure to hypoosmotic solution in control cells, where channel gating was minimal.
